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Abstract:

Small-cell lung cancer (SCLC) accounts for 15% of all lung cancer cases and is a

highly lethal disease. For the last several decades, the standard treatment for SCLC has

been deadlocked, and new therapeutic strategies are urgently needed. Human epidermal

growth factor receptor 2 (HER2) is a member of the HER family and has been reported to be

overexpressed in 30% of SCLC cases with poor prognosis. However, the clinical relevance

of HER2-targeted therapy for SCLC remains unclear. Here, we firstly identify that cytotoxic

drugs induce significant HER2 overexpression through microRNA-125a (miR-125a) and

miR-125b downregulation, which in turn act as a novel therapeutic target for

trastuzumab-mediated cellular cytotoxicity in SCLC. In this study, we showed that treatment

of the HER2-positive SCLC cells, SBC-3 and SBC-5, with cytotoxic drugs induced a

significant upregulation of HER2. Cisplatin (CDDP) treatment of SCLC cells resulted in a

significant downregulation of miR-125a and miR-125b. We confirmed that miR-125a and

miR-125b bound to the 3’-untranslated regions of HER2 mRNA, and that downregulation of

miR-125a and miR-125b resulted in upregulation of HER2 in SCLC cells, suggesting a

relationship between cytotoxic drug exposure and miR-125/HER2 dysregulation.

Furthermore, using a calcein assay we demonstrated a significantly enhanced cytotoxic

effect of CDDP and trastuzumab that was mediated via antibody-dependent cellular

cytotoxicity. Finally, we clearly demonstrated the enhanced anti-tumor effect of these agents
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in an orthotopic lung cancer model in vivo. Our result offer a novel therapeutic strategy for

HER2-positive SCLC by using trastuzumab combined with cytotoxic drugs.
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Introduction

Lung cancer is the leading cause of cancer related deaths all over the world.

Small-cell lung cancer (SCLC) accounts for 15% of all lung cancer cases (1). Approximately

70% of all newly diagnosed SCLC patients present with advanced disease and require

systemic chemotherapy. Despite a dramatic response to front-line chemotherapy,

drug-resistance is the fundamental issues that cannot be avoided, and SCLC is still an

inevitably fatal disease. The recent development of molecular targeted agents for epidermal

growth factor receptor (EGFR) activating mutations and anaplastic lymphoma kinase (ALK)

translocation have greatly changed the therapeutic strategy for, and have prolonged survival

time in non-small cell lung cancer (NSCLC) (2, 3). In the meantime, the therapeutic strategy

for SCLC has remained as platinum-based combination chemotherapy for the last several

decades (4). Although a few recent SCLC sequencing studies have reported novel putative

driver gene alterations, specific molecular targeting therapy against such alteration is not yet

available (5-7) .

Human epidermal growth factor receptor 2, also known as HER2 or erbB2/neu, is a

member of the erbB receptor tyrosine kinase family. HER2, which is encoded by the ERBB2

gene, activates cellular proliferation and survival signals mainly as a heterodimer with other

HER family members (8-10). HER2 has been reported to be overexpressed in 30% of breast

cancers and in 20-30% of gastric cancers, correlating with their poor prognosis (11, 12).
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Similarly, HER2 is reported to be overexpressed in approximately 30% of SCLCs and is

known to be a negative prognostic factor for SCLC (13-15). Trastuzumab, a monoclonal

anti-HER2 antibody, has been approved for the treatment of HER2-positive breast and

gastric cancers and is a widely used indispensable drug. Despite the importance of

trastuzumab combined with standard chemotherapy for the treatment of HER2-positive

breast and gastric cancers, the precise mechanisms of their enhanced effect remain

unknown. Moreover, the efficacy of trastuzumab alone or in combination with standard

chemotherapy for SCLC has yet to be clarified.

MicroRNAs (miRNAs), a family of short endogenous noncoding RNAs, act as

posttranscriptional gene regulators through binding their target messenger RNAs (mRNA)

(16). It was recently shown that miRNA-125a-5p (miR-125a) and its homolog miRNA-125b

(miR-125b) directly regulate HER2 in human breast cancer cells (17). Likewise, miR-125a

expression has been shown to have prognostic significance for gastric cancer (18). The

impact of miR-125a or miR-125b on HER2 expression in SCLC remains unknown.

Based on the above data, we hypothesized that cytotoxic drugs might boost HER2

expression via changes in miR-125a or miR-125b expression, and that this upregulated

HER2 expression could be targeted by trastuzumab for SCLC treatment. In this study, we

demonstrated that exposure of HER2-positive SCLC cells to cytotoxic drugs resulted in
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downregulation of miR-125a and miR-125b, and accordingly HER2 overexpression. Notably,
the combination therapy of trastuzumab and CDDP showed an enhanced anti-tumor effect
in vitro that was mediated via antibody-dependent cellular cytotoxicity (ADCC). This
enhanced effect was confirmed using an orthotopic lung cancer model in vivo. These data
suggest the importance of ADCC in trastuzumab-mediated antitumor activity. They further
suggest that cytotoxic drug-induced regulation of the miR-125/HER2 pathway is one of the
hidden mechanisms behind the enhanced anti-tumor effect of trastuzumab and cytotoxic
drugs and that this mode of cytotoxicity involves ADCC. Our study offers a novel therapeutic
strategy for HER2-positive SCLC by combination therapy with trastuzumab and cytotoxic

drugs.
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Materials and Methods

Cell culture. The human SCLC cell lines H69, H82, H187, and H446 (purchased in 2013),

the human breast cancer cell lines SK-BR-3 and MCF-7 (purchased in 2000), and the NK

cell line NK92 (purchased in 2012) were purchased from the American Type Culture

Collection (Rockville, MD). The SBC-3 and SBC-5 cell lines were obtained from Okayama

University in 1994. All SCLC cell lines were cultured in RPMI 1640 medium (Sigma-Aldrich,

St Louis, MO), SK-BR-3 cells in McCOY’s 5a (Sigma-Aldrich), MCF-7 cells in Minimum

Essential Medium Eagle (Sigma-Aldrich), and NK92 cells in Myelocult H5100 medium

(STEMCELL technologies, Vancouver, CA) supplemented with 10% heat-inactivated fetal

bovine serum (FBS) and an antibiotic-antimycotic (Invitrogen, Carlsbad, CA). NK92/CD16a,

a previously reported NK-92 cell line that stably expresses CD16, was cultured in Myelocult

H5100 medium supplemented with 10% FBS and 1% geneticin (10131-027; Gibco,

Carlsbad, CA) (19). All cell lines were maintained at 37 °C in a humidified atmosphere

containing 5% CO,. All cell lines were authenticated by short tandem repeat profiling and

compared with the known ATCC database.

Reagents. Rabbit monoclonal anti-HER2 (#4290), anti-phospho-HER2 (#2247), anti-HERS3

(#12708), anti-phospho-HER3 (#4561), anti-EGF receptor (#2232), anti-Akt (#4685),

anti-phospho-Akt (#4060), anti-Erk (#4695), and anti-phospho-Erk (#4370) were obtained

from Cell Signaling Technology (Danvers, MA). Mouse monoclonal anti-HER2/neu APC
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(340554) and mouse monoclonal 1gG1 K isotype control APC antibody (554681) was

obtained from BD Biosciences (Franklin Lakes, NJ). Synthetic hsa-miR-125a-5p

(pre-miR-125a-5p; PM12561, anti-miR-125a-5p; PM12561), hsa-miR-125b-5p

(pre-miR-125b-5p; PM10148, anti-miR-125b-5p; PM10148), pre-miR miRNA precursor

molecules Negative Control (PM17110), and anti-miR miRNA Inhibitor Negative Control

(PM17010) were obtained from Applied Biosystems (Foster City, CA). Cisplatin (CDDP) and

irinotecan (CPT-11) were obtained from Yakult Honsha Co., Ltd. (Tokyo, Japan). Etoposide

(ETP) was obtained from Nippon Kayaku Co., Ltd. (Tokyo, Japan). Trastuzumab was

obtained from Chugai Pharmaceutical Co., Ltd. (Tokyo, Japan).

Cell viability assay. Cells were plated in 96-well plates and were then treated with various

concentrations of CDDP on the following day. Cell viability was determined at the indicated

time using the WST-8 assay (cell counting Kit-8; Dojindo, Kumamoto, Japan), according to

the manufacturer’s instructions. The absorbance at 450 nm was measured. Cell viability was

expressed as a percentage of that of the control (untreated) cells. For each concentration of

each drug, mean values of the mean absorbance rates from six wells were calculated. The

ICs0 (concentration of drug needed to inhibit cell growth by 50%) was generated from

dose-response curves for each cell line (Supplementary Table 1). All experiments were

performed as three independent repeated experiments.
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Immunoblot analysis. Cells were seeded and were grown overnight. The cells were then

washed with ice-cold phosphate buffered saline (PBS) and lysed with M-PER (Thermo

Scientific, San Jose, CA) supplemented with protease inhibitor (Roche, Basel, Switzerland)

and phosphatase inhibitors (Sigma-Aldrich). Cell lysates were separated by 7.5%

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred to a PVDF

membrane. SDS-PAGE gels were calibrated using Magic Mark XP Western Standard

(LC5602, Invitrogen). Primary antibodies were used at a dilution of 1:1000. Secondary

antibodies (peroxidase-labelled anti-mouse and anti-rabbit antibodies) were used at a

dilution of 1:2000. Bound antibodies were visualized by chemiluminescence using the ECL

Prime Western blotting detection system (RPN2232, GE Healthcare, UK), and luminescent

images were analyzed with a Lumino Imager (LAS-4000 mini; Fuji Film Inc., Tokyo, Japan).

Flow cytometry. Cells were suspended in their culture medium and FCM analysis was

performed using a Cell Analyzer EC800 (SONY Biotechnology Inc., Tokyo, Japan). At least

one million cells were pelleted by centrifugation at 300 x g for 5 min at 4°C, resuspended in a

5 uL of a monoclonal mouse anti-HER2-APC antibody (BD Bioscience) or a monoclonal

mouse IgG1 « isotype control APC antibody (BD Bioscience) dilution, and incubated for 15

minutes at 4°C.
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RNA extraction, reverse transcription and quantitative real-time RT-PCR. Total RNA

was extracted from cultured cells using QIAzol and the miRNeasy Mini Kit (Qiagen, Hilden,

Germany) according to the manufacturer’s protocol. The purity and concentration of all RNA

samples were quantified using NanoDrop 2000 (Thermo Scientific). The qRT-PCR method

has been previously described (20). PCR was performed in 96-well plates using Step One

Plus (Applied Biosystems). All reactions were performed in triplicate. Hsa-miR-125a-5p,

hsa-miR-125b-5p, and endogenous control RNU6B TagMan microRNA assays were

obtained from Applied Biosystems. SYBR Green gRT-PCR was performed for gRT-PCR of

messenger RNA, and the B-actin housekeeping gene was used to normalize the variation in

the cDNA levels. All primer sequences are listed in Supplementary Table 2.

Transient transfection. MiRNA (25 nmol/l) was transfected using the Lipofectamine

RNAIMAX reagent (Invitrogen), according to the manufacturer’s protocol. Vector plasmid

transfection (500 ng) was carried out using the Lipofectamine LTX reagent (Invitrogen),

according to the manufacturer’s protocol. Vector plasmid combined with each miRNA mimic

transfections were carried out using the DharmaFECT Duo reagent (Thermo Scientific),

according to the manufacturer’s protocol.

Plasmids. The LightSwitch 3’ untranslated region (3’-UTR) reporter GoClone for ERBB2

(S805256, ERBB2-Luc w/t) was obtained from SwitchGear Genomics (CA, USA) for the
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3'UTR assay. To make miR-125 binding site mutants, the 3’-UTR of HER2 (sequence:

CUCAGGG) was mutated to the sequence CACTGCG, using the KOD —Plus- Mutagenesis

Kit (SMK-101, TOYOBO, Tokyo, Japan), according to the manufacturer's protocol. The

mutated vector (ERBB2-Luc mut) was confirmed by sequencing. For luciferase-based in vivo

assays, pLucNeo was constructed by inserting a firefly luciferase gene derived from the

pGL3-control (Promega, Madison, WI) into the pEYFP-1 vector (Clontech Laboratories,

Mountain View, CA) at Bgl/l and Afl// sites, as previously described(21).

3’UTR assay. Cells were seeded in 96-well plates at a density of 8,000 (SBC-3) to 10,000

(SBC-5) cells per well the day before transfection. The cells were collected 48 hr after

co-transfection with either ERBB2-Luc w/t or the ERBB2-Luc mut and either

pre-miR-125a-5p or pre-miR-125b-5p. Luciferase activity was then measured using the

LightSwitch Assay Reagent (SwitchGear Genomics), according to the manufacturer’s

protocol.

Establishment of a cell line stably expressing luciferase. For establishment of a cell line

stably expressing luciferase, the SBC-5 cell line, at 80% confluency in 24-well dishes, was

transfected with pLuc-Neo (500 ng) using the Lipofectamine LTX reagent, according to the

manufacturer's protocol. After 24 h incubation, the cells were replated into a 15 cm dish
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followed by 3-week selection with 1,500 ng/ml geneticin. This cell line was termed

SBC-5-Luc.

ADCC assay. ADCC was examined using a calcein-acetyoxymethyl (Calcein-AM; Dojindo)

release assay. The target cells were labeled with Calcein-AM for 30 min, then washed and

plated onto 96-well plates at a density of 5,000 cells/well in triplicate. Trastuzumab was

added at various concentrations ranging from 0.00001 to 10 ug/ml, and then NK92/CD16a

cells were added as effector cells at an effector: target (E:T) ratio of 2.5:1, 5:1 or 10:1. The

plates were then incubated for 4 hr at 37 °C and calcein release (cell death) into the

supernatants was analyzed using fluorometry. For maximum release, the cells were lysed

with 0.1% Nonidet P-40 (Roche) prior to assay. The fluorescence value of the culture medium

background was subtracted from that of the experimental release (A), the target cell

spontaneous release (B), and the target cell maximal release (C). Percentages of cytotoxicity

and ADCC were calculated using the following formulae:

Cytotoxicity (%) =(A-B)/(C-B)x 100

ADCC (%) = Cytotoxicity (%, with trastuzumab) — Cytotoxicity (%, without

trastuzumab).

To estimate the ADCC activity of trastuzumab with or without CDDP, each target cell was

treated with or without an IC50 concentration of CDDP for 48 hr. Next, target cells were
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trypsinized and dead cells were washed away to exclude the cytotoxicity of CDDP during 48

hr of exposure. Remaining viable cells were labeled with calcein-AM for 30 min, then plated

onto 96-well plates at a density of 5,000 cells/well in triplicate. In this experiment, for the

purpose of excluding the cytotoxicity of CDDP during 4 hr of calcein assay even washed

away before assay, the spontaneous release of CDDP treated cells (dead cells during 4 hr)

were subtracted from the experimental release of trastuzumab with CDDP treated cells.

Animal studies. Animal experiments were performed in compliance with the guidelines of

the Institute for Laboratory Animal Research, National Cancer Center Research Institute.

Five- to six-week-old male C.B-17/Icr-scid/scid Jcl mice (CLEA, Tokyo, Japan) were used in

the experiments. Intrathoracic injections were performed following a previous protocol with

minor modifications (22). Briefly, the cells were resuspended in PBS at half the inoculum

volume and were diluted with an equal volume of growth factor-reduced Matrigel (356231;

Corning Inc., Corning, NY). Mice anesthetized with sodium pentobarbital (50 mg/kg body

weight) were placed in the right lateral decubitus position. One-ml tuberculin syringes with

30-gauge hypodermic needles were used to inject the cell inoculum percutaneously into the

left lateral thorax, at the lateral dorsal axillary line, ~1.5 cm above the lower rib line just

below the inferior border of the scapula. The needle was quickly advanced 5-7 mm into the

thorax and was rapidly removed after injection of the cell suspension. After tumor injection,

the mouse was turned to the left lateral decubitus position. Animals were observed for 45-60
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min until fully recovered. For in vivo imaging, D-luciferin (150 mg/kg) was administered to the

mice (Wako, Osaka, Japan) by intraperitoneal injection. Ten minutes later, photons from the

whole bodies of the animals were counted by measuring bioluminescence with an VIS

imaging system (Xenogen, Alameda, CA), according to the manufacturer’s instructions. The

data were analysed using LIVINGIMAGE 4.2 software (Xenogen). The development of lung

cancer was monitored twice a week in vivo using bioluminescent imaging. Bioluminescence

from the implanted cancer cells was measured one week after tumor injection (day 7), and

the mice were then divided into four treatment groups with equivalent levels of

bioluminescence. Each treatment: —3 mg/kg of CDDP alone, 20 mg/kg of trastuzumab

alone or 3 mg/kg of CDDP plus 20 mg/kg of trastuzumab —was performed on days 7, 14, 21,

and 28 (once a week for 4 weeks, four treatments in total). All mice were sacrificed on day

42 and the presence of the tumor was histologically confirmed. Mice without confirmation of

lung tumor were excluded from the analysis. As a result, the final total number of each group

was as follows: control (n=4), CDDP alone (n=7), trastuzumab alone (n=5) and CDDP plus

trastuzumab (n=7).

Statistical analysis. All in vitro experiments were repeated at least three times. The results

are expressed as means = SD. The statistical analyses were mainly conducted using

Student’s t-test for in vitro experiments and two sample Student’s t-tests for in vivo
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experiments. All the analyses were performed using STATA version 12.0 (Stata Corp,

College Station, TX). Probability values of <0.05 indicated a statistically significant difference.
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Results

HER2 expression in various SCLC cell lines. To assess HER2 protein expression in

SCLC, we examined various SCLC cell lines by western blotting analysis (WB). Of the six

SCLC cell lines analyzed, only SBC-3 and SBC-5 cells showed obvious HER2 expression

(Figure 1A). WB analysis of other members of the HER family indicated that HER3 was

expressed in 4 of these cell lines but that the EGFR was only expressed in the SBC-3 cell

line. We also analyzed HER2 expression on the surface of these cell lines using flow

cytometry (FACS, Figure 1B). This FACS analysis confirmed the WB result that, of the

SCLC cell lines tested, only SBC-3 and SBC-5 cell lines expressed HER2.

HER2 expression is upregulated by exposure of SCLC cells to cytotoxic drugs. We

next assessed HER2 expression change after exposure of all six cell lines to cytotoxic drugs

in clinical use for SCLC. We first analyzed HER2 expression change by WB after exposure

of SCLC cell lines to CDDP, the key drug for SCLC treatment in clinical practice. The protein

expressions of HER2 in SBC-3 and SBC-5 cells were upregulated in a time dependent

manner after CDDP exposure for up to 24hr. In contrast, even exposure to various CDDP

concentrations and exposure times did not result in HER2 expression in the HER2-negative

cell lines (H69, H82, H187 and H446) (Supplementary Figure 1A). We then confirmed the

CDDP-induced HERZ2 expression change in SBC-3 and SBC-5 cells by mRNA, WB, and
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FACS analysis following exposure to ICso of CDDP for up to 48 hr (Figure 2A, B, C). The ICs

of CDDP for each of these cell lines is shown in Supplementary Table 1. HER2 expression

was highest by all methods of analysis after 48 hr exposure of the cells to CDDP (Figure 2A,

B, C). Next, we assessed the effect of exposure of the SBC-3 and SBC-5 cells to other

cytotoxic drugs, namely etposide (ETP) and irinotecan (CPT-11), on HER2 expression by

WB. Upregulation of HER2 expression was also observed following 48 hr exposure to

CPT-11 and, to some extent, to ETP (Supplementary Figure 1B).

CDDP treatment of cells induces the dysregulation of microRNA-125a and

microRNA-125b. To investigate the unknown mechanisms of HER2 upregulation after

exposure of the cells to cytotoxic drugs, we focused on miR-125a and miR-125b that are

reported to directly regulate HER2 and HERS3 expression in breast cancer cells (17). Using

quantitative real time-polymerase chain reaction (QRT-PCR), we assessed the expression of

miR-125a and miR-125b after exposure of SBC-3 and SBC-5 cells to the ICso dose of CDDP

for up to 48 hr (Figure 2D). The levels of both miR-125a and miR-125b were significantly

downregulated 24 hr and 48 hr after CDDP treatment compared to those of control cells.

HERZ2 is directly regulated by microRNA-125a and microRNA-125b in SCLC. To confirm

the binding of miR-125a-5p and miR-125b to the 3’-UTR of the mRNA encoding HERZ2 in

SCLC, a luciferase reporter assay was carried out using a vector that included the 3’-UTR
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sequence of HER2 downstream from the luciferase reporter gene (ERBB2-Luc w/t) (Figure

3A). Transient co-transfection of the reporter plasmid and pre-miR-125a or pre-miR-125b

into SBC-5 cells significantly reduced luciferase activity compared with the negative control

(Figure 3B). In contrast, the luciferase activity of the reporter construct with a mutated

3-UTR sequence (ERBB2-Luc mut) was unchanged by co-transfection with either

pre-miR-125a or pre-miR-125b (Figure 3B). These data suggest that HER2 mRNA is a direct

functional target of miR-125a and miR-125b in SCLC cells.

Downregulation of microRNA-125a or microRNA-125b promotes HER2

overexpression. To investigate the relationship between dysregulation of miR-125a or

miR-125b and HERZ2 expression, we compared the effects of transient transfection of SBC-3

and SBC-5 cells with pre-miR-125a, pre-miR-125b, anti-miR-125a, or anti-miR-125b on

HER2 mRNA and protein expression. As shown in Figure 3C, the expression of HER2

mRNA in SBC-5 cells did not change after transient transfection of anti-miR-125a and

anti-miR-125b, whereas significant HER2 mRNA downregulation was observed after

transfection of pre-miR-125a and pre-miR-125b. WB analysis indicated that HER2 protein

expression was upregulated in anti-miR-125a and anti-miR-125b treated cells whereas it

was downregulated in pre-miR-125a and pre-miR-125b treated cells (Figure 3D). These

data suggest that downregulation of both miR-125a and miR-125b could directly induce

HER2 upregulation. Moreover, these results may indicate that CDDP-induced miR-125
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downregulation could be a novel mechanism of HERZ2 overexpression after cytotoxic

chemotherapy.

Growth inhibitory effect of CDDP and trastuzumab in the presence or absence of

effector cells. To investigate the growth inhibitory effect of trastuzumab and CDDP,

including determination of whether this effect was direct or indirect, we used a WST-8 assay

of cell viability in the presence or absence of effector cells. As shown in Figure 4A, 1 ug/ml of

trastuzumab treatment of SBC-3 and SBC-5 cells resulted in little cytotoxicity in the absence

of effector cells. In contrast, in the presence of effector cells at an E:T ratio of 1:1,

trastuzumab alone exerted a significant cytotoxic activity against SBC-5 cells but not against

SBC-3 cells, presumably because of the different expression level of HER2 in these cells.

Interestingly, this trastuzumab-mediated cytotoxic activity was significantly enhanced by

concurrent CDDP exposure. Moreover, we analyzed downstream signaling of HER2

including phospho-HER2, phospho-HER3, phospho-Akt, and phospho-Erk because these

signaling pathways have been reported to be decrease after trastuzumab exposure in breast

cancer cells (23) (Supplementary Figure 2). However, we could not find any contribution of

this intracellular signaling in SBC-3 and SBC-5 cells. Phospho-HER2 and phospho-HER3

were negative in all of the time point or drug exposure setting of both SBC-3 and SBC-5 cells.

Moreover, phospho-Akt and phospho-Erk were unchanged or at least not decreased after

exposure to trastuzumab alone. We found downregulation of phospho-Akt and phospho-Erk
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after exposure to CDDP and correspondingly upregulated cleaved PARP 48 hr after CDDP

exposure. These results suggest that the trastuzumab-mediated growth inhibitory effect

against SCLC cells is not a direct effect but an indirect effect that involves ADCC.

Antibody-dependent cellular cytotoxicity in SCLC cell lines. We next investigated the

importance of ADCC for the indirect effect of trastuzumab on cell viability. For this purpose

we assayed ADCC activity against SBC-3 and SBC-5 cells using a calcein-release assay.

SK-BR-3 cells were used as a positive control. For all three cell lines, ADCC activity tended

to increase in a trastuzumab dose-dependent and Effector: Target ratio (E:T ratio)

dependent manner. Maximum ADCC activity was observed at a dose of trastuzumab of

approximately 1 ug/ml and an E:T ratio of 10:1, regardless of the cell line (Figure 4B and 4C).

Using the calcein-release assay we then examined the effect of exposure of these cells to

combination treatment of CDDP for 48 hr followed by trastuzumab exposure on ADCC. The

results show a statistically significant upregulation of ADCC activity against both SBC-3 and

SBC-5 cells following sequential CDDP and trastuzumab treatment compared to cells

treated with either agent alone (Figure 4D).

Effect of combined CDDP and trastuzumab treatment in an orthotopic lung cancer

model. To examine the effect of combined CDDP and trastuzumab treatment against lung

cancer in vivo, we established an SBC-5-Luc orthotopic lung cancer model, which we
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monitored using bioluminescence imaging. One week after intrathoracic tumor injection (day
7), mice were treated with either PBS (control), trastuzumab (20 mg/kg) alone, CDDP (3
mg/kg) alone, or CDDP plus trastuzumab (Figure 5A). Following treatment once a week for
four weeks, all of the drug-treated mice showed a significantly greater growth inhibitory
effect towards the tumor compared to the control group. Treatment of mice with CDDP
resulted in significantly higher growth inhibition than treatment with trastuzumab. Notably,
treatment with CDDP plus trastuzumab resulted in a significantly greater growth inhibitory
effect than treatment with CDDP alone or with trastuzumab alone (Figure 5B and 5C). These
results indicate that combination therapy with trastuzumab and CDDP is a promising

treatment strategy for HER2 positive SCLC.
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Discussion

We showed that, of six SCLC cell lines examined, the SBC-3 and SBC-5 cell lines

expressed HER2. These cell lines are adherent, do not express neural cell adhesion

molecule (NCAM), and derived from Japanese SCLC patients. Several previous reports

have shown that the percentage of HER2-positive SCLC clinical sample is approximately

30%, which compares favorably with the percentage of HER2-positive breast or gastric

cancers. Since anti-HER2 treatment is a useful therapy for these other cancers, expression

of HER2 in SCLC cells suggests the possibility that HER2 may also be a promising

therapeutic target for SCLC (24, 25). Previously, Minami et al. found six HER2 positive

SCLC cell lines among 13 SCLC cell lines including SBC-3 and SBC-5 and that all of these

HER2 positive cell lines were derived from Japanese SCLC patients, indicating the ethnic

differences of HER2 expression. Moreover, they also clearly demonstrated the HER2

increase in drug resistant cell lines (SBC-3/CDDP, SBC-3/ETP, and SBC-3/SN-38)

compared with their parent cells (25). We, in this study, investigated HER2 expression

change in SCLC cells, after treatment with the cytotoxic drugs CDDP, ETP and CPT-11 that

are commonly used in clinical practice. We found that CDDP and CPT-11 induced

upregulation of HER2 in HER2-positive SBC-3 and SBC-5 cells not in HER2-negative cells

(H69, H82, H187, and H446).
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In order to understand the mechanism of HER2 upregulation that we observed after

drug exposure, our study focused on miR-125a and miR-125b. We clearly demonstrated the

downregulation of miR-125a and miR-125b at 24 hr after exposure of SCLC to CDDP, and

demonstrated that this downregulation was accompanied by HER2 upregulation. Moreover,

we confirmed that HERZ2 is a direct target of both miR-125a and miR-125b in SCLC cells.

These results suggest that cytotoxic drug-induced miR-125a and miR-125b downregulation

might be a novel mechanism of HER2 upregulation after drug exposure.

In this study, we investigated the function of miR-125a and miR-125b for the

regulation of HER2 in SCLC. In breast cancer cells, miR-125b has been reported to

suppress the oncoproteins MUC1, HER2 and HERS, inhibiting the growth of breast cancer

cells and promoting their sensitivity to chemotherapy (17, 26). Considering that

miR-125/HER2 pathway may have a crucial role in chemoresistant SCLC, our results can

also offer a possibility of miR-125 replacement therapy for preventing drug-resistance in

HERZ2-positive SCLC.

We could not demonstrate the mechanism of miR-125a and miR-125b dysregulation

after cytotoxic drug exposure. MiR-125, especially miR-125b, has been reported to be

regulated by nuclear factor kappa beta (NF-kp) depend on the cellular context (27, 28).

Meanwhile, cytotoxic chemotherapies such as CDDP, ETP, and CPT-11 are well known for

activating NF-kp (29-31). In this context, although we could not demonstrate the significant
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HER2 upregulation by treatment with ETP, we suppose that chemotherapy exposure first

induces NF-kp activation and correspondingly downregulates miR-125a and miR-125b

expression. Further investigation into the relationship between NF-x3 and miR-125 in SCLC

is needed.

In the near future, it should be possible to bring enhanced effect by a combination of

CDDP and miR-125a or miR-125b replacement therapy. However, the technique of miRNA

replacement therapy is not yet in general use. Therefore, we employed anti-HER2 antibody

trastuzumab to target HER2 overexpression induced by cytotoxic drugs. Trastuzumab has

been reported to exert antitumor activity through both direct and indirect activities (32). Of

these various activities of trastuzumab, we and others previously showed that the induction

of ADCC was important for antibody-induced antitumor activity (33-36). In ADCC, the

cytotoxic effect depends on the subtype of fragment C y receptor (FcyR) expressed in

immune effector cells and the expression level of each targeted membranous protein (37). In

the present study, we confirmed that trastuzumab shows almost no growth inhibitory effect

towards SCLC cells in the absence of effector cells (Figure 4A). To avoid the effect of FcyR

subtypes in ADCC, we employed NK92/CD16a cells as effector cells for the WST-8 and

calcein assay, as we previously described(36). By using this system of the WST-8 assay in

the presence of effector cells, we demonstrated the enhanced effect of trastuzumab and

CDDP and we further confirmed the induction of ADCC activity of the combined treatment by

26/ 34



using calcein-release assay. These results indicate the importance of ADCC for the

trastuzumab-mediated cytotoxic effect and the relevance of trastuzumab therapy for

HERZ2-positive SCLC cells following their exposure to cytotoxic drugs in vitro. These results

could be also applied to understanding the enhanced effect of trastuzumab and cytotoxic

drugs against breast or gastric cancer. Moreover, we confirmed the enhanced effect of a

combination of trastuzumab and CDDP using an orthotopic lung cancer model that was

monitored bioluminescence imaging. Using this model, we were able to reproduce tumor

growth similar to that observed in the living human body.

In conclusion, we firstly identified a cytotoxic drug-induced miR-125/HER2 pathway

as a novel mechanism underlying the enhanced effect of trastuzumab and cytotoxic drugs.

Secondly, combination therapy of trastuzumab and a cytotoxic drug exerted an enhanced

anti-tumor effect via ADCC in vitro and in vivo. Our result offer a novel therapeutic strategy

for HER2-positive SCLC by using trastuzumab combined with cytotoxic drugs.
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Figure legends.

Figure 1. HER2 expression in various SCLC cell lines.

(A) Western blotting (WB) analysis of HER family expression in SCLC cell lines using breast

cancer cell lines as positive controls. (B) Flowcytometry (FACS) analysis of HER2

expression in SCLC and breast cancer cell lines. Both assays indicated that, of the SCLC

cell lines analyzed, HER2 was expressed in SBC-3 and SBC-5 cell lines.

Figure 2. HER2 expression change after exposure of SCLC cells to CDDP.

HER2-positive SCLC cells were exposed to CDDP at the ICsy concentration for each cell line.

HER2 expression was then analyzed by (A) WB analysis after exposure of the cells to CDDP

for up to 48 hr; (B) qRT-PCR analysis and (C) FACS analysis. Expression change of

miR-125a and miR-125b in the cells was also analyzed using gRT-PCR (D). Experiments

were repeated at least three times with similar results. Error bars represent the mean £ SD.

*p<0.05. NC, negative control.

Figure 3. HER2 expression is directly regulated by microRNA-125a and

microRNA-125b.

(A) Scheme of the putative target sites of miR-125a and miR-125b in the 3’UTR of HER2

mRNA and the sequence of the mutant UTR. (B) The effect of co-transfection of

pre-miR-125a or pre-miR-125b with wild-type or mutant 3’UTR reporter vectors in SBC-5
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cells was measured using luciferase reporter assays. (C) gqRT-PCR analyses of HER2 gene

expression after treatment of SBC-3 and SBC-5 cells with pre-miR-125a, pre-miR-125b,

anti-miR-125a, anti-miR-125b or control. (D) WB analyses of HER2 after treatment of SBC-3

and SBC-5 cells with pre-miR-125a, pre-miR-125b, anti-miR-125a or anti-miR-125b. All the

experiments were repeated at least three times with similar results, and error bars represent

the mean + SD. *P<0.05. NC, negative control.

Figure 4. ADCC against HER2-positive SCLC cells mediated by trastuzumab and

NK92/CD16a.

(A) Cell viability of SBC-3 and SBC-5 cells was determined 72 hr after treatment with CDDP

(ICso dose for each cell type), trastuzumab (1 ug/ml) or CDDP plus trastuzumab in the

presence or absence of effector cells using a WST-8 assay. NK92/CD16a cells were used

as effector cells at an E:T ratio of 1:1. (B) The target cells were incubated with the effector

cells at an E:T ratio of 10:1, along with various concentrations of trastuzumab, for 4 hr.

ADCC was determined using a calcein assay. (C) Calcein assay with various E

(NK92/CD16a):T ratios. (D) Calcein assay of HER2-positive SCLC cells after 48 h exposure

to CDDP (ICso dose for each cell type) and subsequent trastuzumab (1 ug/ml) treatment at

an E:T ratio of 10:1 for 4 hr. All experiments were repeated at least three times with similar

results. Error bars represent the mean + SD. *P<0.05. NC, negative control.
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Figure 5. An in vivo study of the enhanced anti-tumor effect of trastuzumab and
CDDP.

(A) The protocol of the in vivo study. Mice were injected with 1x10° SBC-5-Luc cells into the
left lung on day 0. Each treatment: CDDP (3 mg/kg) alone; trastuzumab (20 mg/kg) alone or
CDDP (3 mg/kg) plus trastuzumab (20 mg/kg), was performed on days 7, 14, 21 and 28
(once a week for 4 weeks, four treatments in total). (B) Bioluminescence imaging was
quantified and is expressed as relative luminescent intensity (luminescent intensity on day 7
in each group was considered as 100). (C) Change in the bioluminescence emitted from the

whole bodies of the mice in each treatment group. *P<0.05.
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Chemotherapy regulated microRNA-125/HER2 pathway as a novel therapeutic target for
trastuzumab-mediated cellular cytotoxicity in small-cell lung cancer.
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Supplementary Figure 1. HER2 expression

cytotoxic drugs.

change after exposure of SCLC cells to various

(A) WB analysis of HER2 expression after exposure of the indicated SCLC cells to CDDP at IC4, and

ICsq concentrations for the indicated times. (B) WB analysis of HER2 expression after exposure of

SBC-3 and SBC-5 cells to ETP and CPT-11 at their IC5, concentrations. All experiments were

repeated at least three times with similar results. ETP: etoposide, CPT-11: irinotecan.



Supplementary Figure2
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Supplementary Figure 2. Intracellular signaling after drug exposure.

WB analysis for downstream intracellular signaling of HER2 after exposure to CDDP
(ICso concentration), trastuzumab (1 ¥g/ml), and CDDP plus trastuzumab.




Supplementary Table 1. Inhibitory concentration of 50% dose

Cell line ICs0+ SD (uM)
SBC-3 1.46 = 0.35
SBC-5 2.06 = 0.06

H69 5.10 = 0.13
H82 0.40 = 0.10
H187 0.52 = 0.03

H446 6.40 = 0.30




Supplementary Table 2. The primer sequences for qRT-PCR analysis

Gene Forward primer (5’-Sequence-3”) Reverse primer (5’-Sequence-3’)

HER2 AAAACACATCCCCCAAAGC AGGGCATAAGCTGTGTCACC
ACTB ATTGCCGACAGGATGCAGA GAGTACTTGCGCTCAGGAGGA




